Biodiesel (BDF) has gained much attention as new sustainable energy alternative to petroleum-based fuels. In particular, BDF market has significantly increased in Europe to adhere energy and climate policies. Therefore, the increased BDF production requires new utilization of glycerol which is by product of BDF synthesis. We have focused on photocatalytic reforming using titanium oxide (TiO2) photocatalyst using glycerol as sacrificial agent (SaH). Recently we have found that SaH with all of the carbon attached oxygen atoms such as glycerol and methanol continued to serve as an electron source until their sacrificial ability was exhausted in photocatalyzed hydrogen evolution using a Pt-loaded TiO2 (Pt/TiO2) catalyst. Here we investigated the utilization of residual glycerol in BDF synthesis by photocatalytic reforming.
Hydrogen Production from Residual Glycerol in Biodiesel Synthesis by Photocatalytic Reforming
Masahide YASUDA, Ryo KUROGI, Takayuki TOMO, and Tsutomu SHIRAGAMI （Received March 3, 2014）
Biodiesel (BDF) has gained much attention as new sustainable energy alternative to petroleum-based fuels. In particular, BDF market has significantly increased in Europe to adhere energy and climate policies. Therefore, the increased BDF production requires new utilization of glycerol which is by product of BDF synthesis. We have focused on photocatalytic reforming using titanium oxide (TiO2) photocatalyst using glycerol as sacrificial agent (SaH). Recently we have found that SaH with all of the carbon attached oxygen atoms such as glycerol and methanol continued to serve as an electron source until their sacrificial ability was exhausted in photocatalyzed hydrogen evolution using a Pt-loaded TiO2 (Pt/TiO2) catalyst. Here we investigated the utilization of residual glycerol in BDF synthesis by photocatalytic reforming.
BDF (methyl alkanoate) preparation by transesterification of commercially-available vegetable oil (136.5 g) was performed by heating with MeOH (23.8 g) in the presence of NaOH (0.485 g) at 61 ℃ for 2 h. After cooling, standard follow-up operation was performed as follows. The products were separated into a lower layer (Solution A) and an upper layer. The upper layer was washed with water and separated into a BDF layer and an aqueous washing solution (Solution B). Glycerol (10.4 g) was obtained from Solution A in 73.3% yield along with methanol (6.85 g). BDF (114.5 g) was isolated in 83.7% yield. Solution B contained methanol in 4.38 g. The residual glycerol and unreacted methanol were turned to hydrogen by TiO2-photocatalytic reforming of Solutions A and B using Pt/TiO2 (100 mg) in aqueous solution (150 mL) under irradiation by high-pressure mercury lamp. Hydrogen was evolved in 2.82 g and 0.28 g from Solutions A and B, respectively. The combustion energy (ΔH) of the evolved H2 corresponded to 100.8% based on the total ΔH of glycerol and methanol involved in Solutions A and B. Similar experiment was performed using pre-used vegetable oil. Hydrogen was recovered from Solutions A and B as 69.6% of ΔH. Presence of sodium alkanoate disturbed the hydrogen evolution. . Therefore, the increased BDF production requires new utilization of glycerol. Glycerol has a potential to produce hydrogen in maximum theoretical yield of seven equivalents (eq 2). Therefore, the transformation from glycerol to hydrogen, synthetic gas, and hydrocarbon have been extensively investigated through pyrolysis , and biological reforming 8) 9)
. We have focused on photocatalytic reforming using titanium oxide (TiO2)
.
(1)
The TiO2-photocatalytic reaction is initiated by chargeseparation into electrons and holes under irradiation . However, there are no reports on practical photocatalytic reforming of grycerol.
Here, we applied the photocatalyzed hydrogen evolution (photocatalytic reforming) using Pt/TiO2 to the reforming of residual glycerol in BDF synthesis and examined the effectiveness of hydrogen evolution and usefulness of the photocatalytic reforming.
Experimental

Synthesis of BDF
Two kinds of lipid, commercially-available virgin vegetable oil and the oil pre-used in Japanese restaurant, were used for BDF synthesis. Virgin vegetable oil was mainly composed of the oleic acid (C17H33CO2H) triglyceride whose average molecular weight was thought to be 884 g/mol. In the case of the pre-used oil, oil was heated to remove water before BDF synthesis. At first, lipid (1 mL, 0.884 g) was solved in 2-propanol (10 mL) and neutralized by aqueous NaOH solution. The amounts of NaOH (a g/kg-lipid) which was required to achieve pH of 8 -9 were determined.
The amounts of NaOH necessary to the trans-esterification was calculated by sum of a g/kg and the amount of 3.5 g/ kg which was usual optimal amount for transesterification of neutral lipid.
Typical procedure using virgin oil was shown as follows. A lipid (150 mL, 136.5 g, 0.155 mol) was set in a reaction vessel. Methanol (30 mL, 23.8 g, 0.743 mol) was mixed with NaOH (0.485g, 0.012 mol). About half of mixture of methanol and NaOH was poured in a reaction vessel and then kept at 61 ℃ for 1 h. Moreover, the remaining mixture of methanol and NaOH was added into the reaction vessel and the reaction mixture was kept at 61 ℃ for another 1 h. After cooling, the products were separated into a lower layer and an upper layer. The lower layer (Solution A) contained glycerol and methanol. The upper layer was washed with water (300 mL) and separated to the BDF layer and the aqueous washing solution (Solution B). In order to check the contamination of lipid to BDF layer, the purity of BDF was determined by the peak-area ratio of methyl and methoxy groups in NMR spectra, which were taken on a Bruker AV 400M spectrometer using CDCl3 solution. The contents of glycerol and methanol in Solutions A and B were analyzed on a Shimadzu 14A gas liquid chromatograph (GLC) with FID detector at a temperature raised from 50 ℃ to 250 ℃ using a capillary column (J & W CP-Sil 5CB, 0.32 mmφ × 50 m).
Photocatalytic reforming
Anatase-type TiO2 (ST-01) was purchased from Ishihara Sangyo (Japan). According to literature 16) , an aqueous solution (50 mL) containing TiO2 (1.0 g), K2PtCl6
(50 mg), and 2-propanol (0.38 mL) was irradiated by high- (100 W, UVL-100HA, Riko, Japan) was inserted into the reaction vessel, which was attached to a measuring cylinder with a gas-impermeable tube to collect the evolved gas.
After the O2 was purged from the reaction vessel by N2 gas, irradiation was performed at room temperature under vigorous stirring by a magnetic stirrer for 6-135 h until the gas evolution ceased. The evolved gas was collected by the measuring cylinder to measure the volume of the evolved gas and analyzed on a Shimadzu GC-8A equipped with a TCD detector at temperature increasing from 40 ℃ to 180 ℃ using a stainless column (3 mmΦ × 6 m) packed with a SHINCARBON ST (Shimadzu). H2 and CO2 were detected in addition to N2 which was used as the purging gas.
Results and Discussion
Separation of residual glycerol in BDF synthesis
When BDF was prepared using virgin oil, the 
Photocatalytic reforming
The photocatalytic reforming of glycerol and MeOH was examined using Solutions A and B according to the procedure described in section 2.2. Irradiation was performed by a high pressure mercury lamp under vigorous stirring with a magnetic stirrer. Table 1 
In the case of virgin oil, photocatalytic reforming using Solution A would give the theoretical H2 max which was calculated to be 12.67 (=7+3b) using b=1.89 according to eq (3). The actual H2 max was determined to be 12.52.
The yield was calculated to be 98.8%. The H2 max value for solution B was determined to be 1.38. The H2 yields were calculated to be 36.0% based on the theoretical H2 max (3.00) (eq 4). The presence of C17H33CO2Na in Solution B retarded the H2 production remarkably. It is well known that the carboxylic acid can strongly adsorbed on TiO2. Therefore, it is suggested that the adsorption of C17H33CO2Na on TiO2 lowered the photocatalytic activity of TiO2. Thus, the total amount of H2 from Solutions A and B was calculated to be 1.57 mol by the equation of 0.113 ×12.52 + 0.137 ×1.08 using 0.113 mol of glycerol in Solution A and 0.137 mol of Table 2 ).
In the case of the pre-used oil, the H2 max values were determined to be 6.61 and 1.26 in the photocatalytic reforming of Solutions A (b= 0.83) and B, respectively (Fig.   2 ). The total amount of H2 was calculated to be 0.78 mol.
According to eq (3) and (4), the theoretical H2 max values of Solutions A and B were calculated to be 9.49 and 3.00, respectively (Table 2 ). It was thought that the presence of C17H33CO2Na retarded the H2 production yield to 69.7% and 42.0% in the cases of Solutions A and B, respectively. 
Combustion energy
Conclusion
The residual materials in biomass reforming were usually produced in an aqueous solution. Moreover, the residue in BDF synthesis involved unreacted methanol other than glycerol. Photocatalytic reforming can transform aqueous solutions of both glycerol and methanol to H2.
Gaseous H2 can be spontaneously isolated from reaction mixture without being separated. Therefore, photocatalytic reforming will provide a promising approach in the utilization of glycerol and methanol derived from BDF synthesis. [144] [176] 
